AND CONCLUSIONS 1. We demonstrated multisecond increases in the excitability of the rostral-scratch reflex in the turtle by electrically stimulating the shell at sites within the rostral-scratch receptive field. To examine the cellular mechanisms for these multisecond increases in scratch excitability, we recorded from single cutaneous afferents and sensory interneurons that responded to stimulation of the shell within the rostral-scratch receptive field. A single segment of the midbody spinal cord (D4, the 4th postcervical segment) was isolated in situ by transecting the spinal cord at the segment's anterior and posterior borders. The isolated segment was left attached to its peripheral nerve that innervates part of the rostralscratch receptive field. A microsuction electrode (4-5 pm ID) was used to record extracellularly from the descending axons of cutaneous afferents and interneurons in the spinal white matter at the posterior end of the D4 segment. 2. The turtle shell is innervated by slowly and rapidly adapting cutaneous afferents. All cutaneous afferents responded to a single electrical stimulus to the shell with a single action potential. Maintained mechanical stimulation applied to the receptive field of some slowly adapting afferents produced several seconds of after/;ilscharge at stimulus offset. We refer to the cutaneous affere! lL afterdischarge caused by mechanical stimulation of the shell as "peripheral afterdischarge." 3. Within the D4 spinal segment there were some interneurons that responded to a brief mechanical stimulus within their receptive fields on the shell with short afterdischarge and others that responded with long afterdischarge. Short-afterdischarge interneurons responded to a single electrical pulse to a site in their receptive fields either with a brief train of action potentials or with a single action potential. Long-afterdischarge interneurons responded to a single electrical shell stimulus with up to 30 s of afterdischarge. Long-afterdischarge interneurons also exhibited strong temporal summation in response to a pair of electrical shell stimuli delivered up to several seconds apart. Because all cutaneous afferents responded to an electrical shell stimulus with a single action potential, we conclude that electrically evoked afterdischarge in interneurons was produced by neural mechanisms in the spinal cord; we refer to this type of afterdischarge as "central afterdischarge."
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INTRODUCTION
Cutaneous reflexes reveal complex properties of neural circuits intrinsic to the spinal cord. The spinal cord circuits for scratch reflex receive afferent information from a site on the body surface and generate a motor pattern that directs a limb to rub against that site ; Robertson et al. 1985; Stein 1983 Stein , 1989 Stein et al. 1986 ). Spinal circuits for scratch reflex display multisecond afterdischarge of motor output: a brief tactile stimulus evokes scratch activity that continues for several seconds after stimulus offset (Crowe and Linnartz 1985; Currie and Stein 1988; Sherrington 1906a,b) . Scratch-reflex circuits also demonstrate multisecond summation of excitability (Crowe and Linnartz 1985; Currie and Stein 1988; Sherrington 1906a,b) . In preparations that exhibit limb movements, effective interpulse intervals for scratch-reflex summation may be as large as 1.6 s in the spinal dog (Sherrington 1906a,b) and 40 s in the spinal turtle (Crowe and Linnartz 1985) . In a spinal turtle in which neuromuscular junctions are blocked, effective interpulse intervals for fictive scratch-reflex summation may be as large as 5-10 s (Currie and Stein 1988) . This paper examines neural mechanisms in turtle spinal cord that contribute to afterdischarge and summation evoked by cutaneous stimulation.
We report single-unit recordings of afferents and interneurons activated by gentle cutaneous stimulation of the middle of the turtle shell bridge. This region of the shell connects the dorsal carapace with the ventral plastron midway between the forelimb and the hindlimb (Zangerl 1969) ; it is innervated by the D4 (= 4th postcervical) spinal segment (Mortin and Stein 1990) . The D4 spinal segment has characteristics of special interest for studies of cutaneous integration. Its ventral horn is extremely narrow, and no retrogradely labeled motor neurons are detected after application of horseradish peroxidase solution to the D4 segmental nerve (Ruigrok 1984) . The lack of motor neurons in this segment is associated with the paucity of skeletal musculature in this region and the rigidity of skeletal structures comprising the turtle shell (Ashley 1962; Bojanus 18 19) . It is therefore unlikely that muscle receptor afferents are located in D4 dorsal roots. Thus the entire population of somatic afferents in the D4 dorsal roots of the turtle may be cutaneous afferents.
Cutaneous stimulation of the shell bridge in the D4 dermatome elicits a rostra1 scratch reflex in hindlimb motor neurons (Martin and Stein 1989, 1990; Mortin et al. 1985 ; the cord at the D4 segment descend directly to the hindlimb enlargement (Ruigrok 1984) . Second, axons of propriospinal interneurons, the somata of which are located in the SINGLE UNIT SUCTION ELECTRODE I ISOLATED D4 SPINAL CORD D4 segment, project to the hindlimb enlargement (Kusuma and ten Donkelaar 1980) . This paper describes extracellular recordings from descending axons in both of these pathways. Our preparation consisted of the D4 spinal segment isolated in situ from adjacent spinal segments by complete transections of the spinal cord at the anterior and CUTANEOUS NERVE HOOK the posterior borders of the D4 segment; the D4 segmental ELECTRODES nerve remained intact and connected the D4 segment to its dermatome. Our recordings support the hypothesis that neuronal mechanisms for afterdischarge and summation in response to cutaneous stimulation are present within a single spinal cord segment. These data have been presented previously in abstract (Currie and Stein 1989b,c induce hypothermic analgesia (Marcus 198 1; Melby and Altman 1974) . Turtles were maintained partially immersed in crushed ice during all surgical procedures. The first procedure in every dissection was complete transection of the spinal cord posterior to ings). The thin nerve was cut near the spinal cord so that the only the forelimb enlargement, between the second dorsal (Dz) and the cutaneous afferent input to the D4 spinal segment would enter via third dorsal (D3) spinal segments (Zangerl 1969) . the thick D4 nerve. The thick D4 nerve is termed the "DA nerve" in the remainder of this paper. After the nerve dissection, we D3-end preparations that expressed rostral-scratch motor patterns exposed the D3-D5 segments of the spinal cord by drilling a midline channel through the dorsal carapace and performing a dorsal laminectomy. We isolated the D4 segment by completely tranTurtles that had a complete transection of the spinal cord besecting the spinal cord at the segment's anterior and posterior tween segments D2 and D3, but whose spinal cords were intact borders. The posterior end of the isolated segment was reflected posterior to the transection site, are termed "D3-end" preparaupward and held in place by Gelfoam surgical sponge to view it tions. Such animals express rostral-scratch motor patterns in from above in cross section. The D4 segment remained connected hindlimb motor neurons in response to cutaneous stimulation of to its cutaneous receptive field via the D4 nerve.
sites in the rostral-scratch receptive field on the shell bridge (Robertson et al. 1985) . In five DJ-end turtles, we prepared several ENG recordings hindlimb muscle nerves for electroneurographic (ENG) recording. The dissection of these nerves has been described previously (Robertson et al. 1985) . IT-KE, AM-KE, and FT-KE each innervate a knee extensor muscle of the triceps femoris group. VP-HP innervates puboischiofemoralis internus, pars anteroventralis, a hip protractor muscle. HR-KF innervates several bifunctional hip retractor, knee flexor muscles of the flexor tibialis group. Each nerve was freed from surrounding tissues, tied with surgical thread near its muscle insertion, and then cut distal to the tie.
Isolated single-segment preparations used during single-unit recordings
We prepared 15 turtles for single-unit recording in the spinal cord. The peripheral nerves innervating the D4 spinal cord segment were exposed by drilling away a rectangular section of the dorsal carapace between the spinal cord and the lateral shell bridge (Fig. 1) . The D4 segment is innervated by two nerves, a thin nerve and a thick nerve (Mortin and Stein 1990) . The thin nerve After surgery was complete, the preparation was allowed to warm up to room temperature (2 1-24°C) and was immobilized with an intramuscular injection of gallamine triethiodide (Flaxedil) at a dose of 6 mg/kg body weight. The preparation was maintained at room temperature for the duration of the experiment. The trachea was intubated and artificial respiration used during the experiment. The skin was kept moist with turtle saline. A ring of warm dental wax was molded around the hole in the dorsal carapace that exposed the dissected hindlimb nerves (D3-end preparations) or the D4 nerve (single-segment preparations). The wax was allowed to cool and harden; it was then glued in place with Permabond 9 10 adhesive. Nerves were lifted and arrayed for recording by securing their attached threads to the lip of the wax ring. Differential ENG recordings were obtained with bipolar hook electrodes (0.004 in., silver) in a pool of mineral oil. One pair of electrodes was placed on each distally cut hindlimb nerve in rostral-scratch preparations. Two pairs of electrodes were placed on the D4 nerve en passant in single-segment preparations: one pair at a central location (c.D4) near the spinal cord and a field on the shell bridge. ENG signals were amplified (bandpass 100 Hz-1 kHz) and stored on an &channel FM tape recorder (bandpass DC-l .25 kHz) for later analysis and filming. The D4 nerve recordings in Fig. 3 were digitized on a laboratory minisecond pair at a distal location (d.DJ near the cutaneous receptive innervates the dorsal carapace out to its lateral edge but does not 35-mm length of innervate the shell bridge. The thick nerve innervates the shell the nerve from surrounding con bridge and the ventral plastron. We prepared the thick D4 nerve .nective tissue. A loop of for en passant recording and stimulation by freeing a 25 to surgical thread was placed around the nerve so that it could be lifted for placement of hook electrodes (see ENG recordcomputer at 2 (Fig. 3A ) and 10 kHz (Fig. 3B ). These data sets were sent to a mainframe computer over a serial line and plotted on a laser printer.
- 
Shell-stimulation procedures
We used either mechanical or electrical stimulation of the shell to activate cutaneous afferents. Mechanical stimulation was applied I) by gently rubbing the shell with a fire-polished glass probe, or 2) by applying pressure with a von Frey hair. We used a calibrated set of von Frey hairs with a force range of 0.1-830 mN; these consisted of nylon monofilaments of various diameters attached to the ends of lucite rods. Both the glass probe and the von Frey hairs could be mounted on a handheld force transducer (Grass FT-03) to record the force and timing of the stimulus.
the unit and to map the area of this sensitive zone. For most afferents we mapped only the inner sensitive zone and the outer, less-sensitive surround. For some interneurons we also mapped one or more zones of intermediate sensitivity.
Electrical stimulation was delivered via pin electrodes inserted 2-3 mm apart into the shell epidermis. In four of the five D3-end preparations the pins were placed within the D4 dermatome on the shell bridge; in one preparation the pins were placed in the D5 dermatome. To evoke rostral-scratch reflexes, we used 4.5 to 20-V pulses of 0.2-, OS-, or 1-ms duration; pulse parameters were adjusted so that a single pulse was just subthreshold for evoking motor output in a rested preparation. For stimulation of a cutaneous afferent or interneuron in the single-segment preparations, we inserted the pins into the zone of maximum mechanical sensitivity in the unit's receptive field. To activate most single units, we delivered pulses with voltages of 2-5 T (T = threshold for unit activation) and durations of either 1 ms (n = 58) or 0.2 ms (n = 3). Stimulus voltages never exceeded 30 V. Voltage threshold was not accurately determined in seven units; for these cells, stimulus parameters were set at a level sufficient to evoke reliable, strong responses from the unit (8-30 V, 1 ms).
We measured receptive field areas by retracing receptive fields onto heavy translucent paper, cutting out the traced areas, and weighing them on an analytic balance. The balance was accurate to to. 1 mg; the weights of receptive-field cutouts ranged from 2.4 to 83.6 mg. A conversion factor (mg to cm2) was determined by weighing cutouts of known area (1 and 25 cm2). For every turtle we measured the area of the D4 dermatome on the shell bridge and the area of each single-unit receptive field on the shell bridge. Unit receptive-field areas were expressed in centimeters squared and as a percentage of the D4 dermatome on the shell bridge ( We traced the epidermal shield borders and pigmentation markings on the lateral shell bridge of each turtle, before the animal was set up at the recording table. A rectangular piece of clear adhesive vinyl contact paper was softened with a hot-air blower and applied to the shell bridge. The shield borders and pigmentation markings were traced on the contact paper with a fine-point marker. The first step in each experiment was to map the anterior and posterior borders of the D4 dermatome on the shell bridge by rubbing the shell with the fire-polished tip of a glass rod while recording from the D4 nerve en passant. For each turtle the D4 dermatome and single-unit receptive fields were marked on photocopies of the shell-bridge tracing.
We recorded from single cutaneous afferents (n = 38) and sensory interneurons (n = 30) by inserting a glass microsuction electrode (4-5 pm ID) into the white matter at the posterior end of an isolated D4 spinal cord segment under visual guidance. Electrodes were fabricated with a Brown-Flaming micropipette puller and placed in a plexiglass electrode holder with a suction port. Suction was applied via a 60 ml syringe that was connected to the electrode holder by polyethylene tubing. The syringe and tubing were filled with air; the electrode and electrode holder contained turtle saline. After inserting the tip of the electrode into the white matter, we gently applied positive pressure to push saline out of the pipette; this produced a visible stream of saline within the white matter and separated axons. We then applied negative pressure to obtain an extracellular axonal recording. We located the receptive fields of mechanically sensitive units by lightly brushing back and forth across the D4 dermatome on the shell bridge with a fingertip. Suction electrode signals were passed through a high-impedance head stage, amplified (bandpass 100 Hz-1 kHz), and stored on FM tape along with ENG and stimulus recordings. Several single-unit recordings (Figs. 7, 11, 12, and 13) were played back through a window discriminator and into an interspike interval converter (BAK Electronics) the output of which was directly proportional to instantaneous impulse frequency. Single-unit receptive fields were mapped with gentle mechani-IDENTIFICATION OF CUTANEOUS AFFERENTS AND INTERcal stimulation. First, we determined the outermost border of the NEURONS. When a unit activated by tactile stimulation was receptive field by gently rubbing the shell with a glass probe. We located, we applied a l-s train of electrical pulses to the D4 nerve mapped the force sensitivities of sites in the receptive field with a at frequencies up to 100 Hz. In most cases stimulus-pulse voltage series of calibrated von Frey hairs. Strong forces (250 or 830 mN) was set at 2 T; pulse duration was 50 ps. Units that exhibited no were used first to confirm the outermost receptive-field border. jitter in latency in response to lOO-Hz nerve stimuli were identiWe applied a series of lighter forces within the receptive field to fied as afferents; units that exhibited latency jitter at 100 Hz or determine the lowest force ("force threshold") that would activate lower frequency stimulation were identified as interneurons. In (Siegel 1956 ). % D4 Dermatome, percent area of the D4 dermatome on the shell bridge; Force threshold, lowest force that could elicit a response when applied to a unit's receptive field on the shell; AFFs, all afferents; SA AFFs, slowly adapting afferents; RA AFFs, rapidly adapting afferents; INTs, all interneurons; S INTs, short afterdischarge interneurons; L INTs, long afterdischarge interneurons. *Significantly different at P < 0.00 1. j-significantly different at P < 0.005. #Not significantly different; P > 0.0 1. some units that were identified as afferents (n = 14), we stimulated the central axon in the spinal cord via the microsuction electrode and recorded a time-locked, antidromic action potential in the D4 nerve (see Fig. 70 ). This provided additional evidence that these units were afferents. A camera lucida was attached to the head stage of the microscope at our recording We electrically stimulated the D4 nerve first at the central electrode site (c.D4) and then at the distal electrode site (d.D4) and noted a shift in the single-unit stimulus-response latency recorded by the suction electrode-the latency was shorter when stimulating at the central site than when stimulating at the distal site. For afferents we divided the distance separating the central and distal stimulation sites by the latency shift to calculate peripheral conduction velocity ( Table 2 ). The same technique applied to interneurons yielded an average conduction velocity for activating components of the D4 afferent volley. We used the peripheral conduction velocity to estimate the conduction delay between the central-nerve electrodes and the spinal cord. This conduction delay was then subtracted from the c.D4 stimulus-response latency to yield centraZ latency, i.e., the latency between the arrival of afferent activity at the spinal cord and the appearance of the single-unit action potential at the suction electrode. Shell stimulation latency was the delay between an electrical stimulus pulse to the shell and a single unit's response.
We constructed a force-frequency plot for a cutaneous afferent (Fig. 7E ) by applying maintained (4 to 5-s duration) force to the sensitive zone in the unit's receptive field with a series of six different von Frey hairs. The unit's responses and the force-transducer trace were filmed from an oscilloscope with a kymograph camera at sufficiently high film speeds to discriminate individual action potentials. Average discharge frequency was determined for a given time period (e.g., the first 200 ms after stimulus onset) by dividing the number of action potentials within that time period by the length of time separating the first action potential from the last.
To measure the duration of interneuronal afterdischarge, we delivered single electrical pulses to the shell in the sensitive zone of an interneuron's receptive field. Unit responses along with an electrical stimulus marker were filmed from an oscilloscope. We defined the duration of afterdischarge as the length of time from the first action potential after the stimulus until the last action potential that was preceeded by an interspike interval of ~2 s or less than the spontaneous interspike interval for that unit, whichever was smaller. Duration of afterdischarge measurements were averaged for each repetition of the stimulus for a given unit. The spontaneous interspike interval was determined for units with resting discharge by counting the number of action potentials during a 5-s period before each electrical shell stimulus, averaging that number for all repetitions of the stimulus, and dividing by 5 s.
RESULTS
Afterdischarge and summation of the rostral-scratch reflex Electrical stimulation of the shell revealed long-lasting excitability changes in the rostral-scratch pathway. The rostral-scratch motor pattern elicited by electrical stimulation ( Fig. 2B ) was an excellent replica of the response elicited by mechanical stimulation ( Fig. 2A) . A l-s train of electrical pulses elicited a rostral-scratch motor pattern with afterdischarge (Fig. 2C) ; the response outlasted the stimulus by ~5 s. Single pulses delivered to the shell at 4-s intervals elicited motor responses that exhibited temporal summation (Fig. 20) . The first pulse was delivered after a I-min rest period and elicited no motor response. The second and third pulses produced increasingly intense motor discharge in some of the nerves; this activity exhibited elements of the rostral-scratch motor pattern. The fourth pulse produced a full cycle of rostra1 scratch, with activity in all five nerves. In this preparation we observed strong temporal summation with interstimulus intervals of up to 5 s; in other preparations, we saw summation with intervals as long as 6 s. Afterdischarge and temporal summation of motor output revealed by electrical stimulation of the shell indicate that excitability is stored in the rostral-scratch pathway for several seconds after transient activation of cutaneous afferents.
Population responses of cutaneous aRerents recorded from the D4 nerve Recordings of cutaneous afferent activity from the D4 nerve in response to stimulation of a site in the D4 dermatome revealed peripheral afterdischarge after maintained mechanical stimulation (Fig. 3A) and no afterdischarge after a single electrical pulse (Fig. 3B ). In these recordings the D4 nerve was cut near the spinal cord so that only afferent activity was observed; in all other experiments (Figs. 1 and 2, and 4-13) the D4 nerve was left connected to the spinal cord, and nerve recordings were made en passant.
Maintained mechanical stimulation (5 s, 250 mN) produced large-amplitude ON and OFF-responses in a popula- 2. Electrical stimulation of a site in the D4 dermatome on the shell bridge via pins inserted in the shell epidermis activated fictive rostral-scratch motor patterns in 5 hindlimb muscle nerves in a D3-end preparation. See METHODS for names of muscle nerves. A: rostra1 scratch elicited by gentle mechanical stimulation of SP3, a site in the rostral-scratch receptive field (see for names of stimulation sites). Bar indicates the duration of rubbing with the fire-polished glass probe. B: rostra1 scratch elicited by maintained electrical stimulation of SP2, a site in the rostral-scratch receptive field, at 3 Hz (7 V, 1 -ms pulses). C: brief ~-HZ train of pulses (5 V, 1 ms) applied to SPz evoked a multicyclic rostralscratch response. D: single pulses (7 V, 1 ms) delivered 4 s apart to SP2 evoked strongly summating rostral-scratch responses. Vertical lines below nerve recordings in B-D indicate the timing of electrical shell stimuli. All recordings are from the same preparation.
-I I I I I tion of D4 cutaneous afferents (Fig. 3A) . This stimulation also produced tonic discharge in afferents with small-amplitude action potentials that continued throughout the duration of the stimulus. In addition, there was afterdischarge in afferents with small-amplitude action potentials after stimulus offset. The duration of afterdischarge observed in D4 nerve recordings ranged from 0.5 s (Fig. 3A) to m 3 s (data not shown) and depended on the specific site on the shell that was stimulated.
A single electrical stimulus ( 10 V, 1 ms) to the shell produced a D4 afferent volley that lasted only 45 ms and displayed no afterdischarge (Fig. 3B) . Thus, although maintained mechanical stimulation of the shell could elicit peripheral afterdischarge in D4 cutaneous afferents, an electrical stimulus applied directly to the shell produced a sharply delimited afferent volley with no afterdischarge.
Axon locations and receptive-field areas of single units
We recorded the extracellular activity of 68 single units that responded to cutaneous stimulation of the shell bridge in the D4 dermatome. Because we recorded from the posterior face of the isolated D4 segment (see Fig. 1 and Singleunit recordings in METHODS), each unit had a descending axon, a spike-initiating zone, and a cell body within the D4 segment. We classified each unit as either 1) a cutaneous afferent, 2) a short-afterdischarge interneuron, or 3) a long-afterdischarge interneuron. An afferent was discriminated from an interneuron based on its ability to follow 1 00-Hz D4 nerve stimulation. A short-afterdischarge interneuron was discriminated from a long-afterdischarge interneuron based on responses to a single electrical pulse to the shell in the unit's receptive field: a short-afterdischarge interneuron exhibited (2 s of afterdischarge; a long-afterdischarge interneuron exhibited >4 s of afterdischarge.
None of the 30 interneurons recorded in this study exhibited afterdischarge that terminated 2-4 s after the electrical stimulus.
The funicular locations of recorded axons are shown in Fig. 4A . Cutaneous afferent axons descended exclusively in the dorsal funiculus and Lissauer's tract (Fig. 4 Al). Most short-afterdischarge interneurons ( 15/ 19) had axons in the lateral funiculus, but a few (4/ 19) were found in the dorsal funiculus (Fig. 4 A2) . The axons of long-afterdischarge interneurons were all located in the lateral funiculus (Fig. 4  A3) . Most units were slowly adapting during mechanical shell stimulation. Slowly adapting units displayed a brisk discharge at the onset and offset of stimulation and a lower frequency discharge during maintained stimulation. Other units were rapidly adapting. These units displayed a brisk discharge at the onset and offset of stimulation and no discharge during maintained stimulation.
The receptive-field areas of cutaneous afferents and interneurons are presented in Fig. 4B and Table 1. All afferents had very small receptive fields; most areas were <OS cm2. Interneuron receptive fields were much larger than afferent receptive fields. Short-afterdischarge interneurons had a broad range of receptive-field areas. In contrast, long-afterdischarge interneurons all had very large receptive fields that covered most or all of the D4 dermatome on the shell bridge. The receptive fields of long-afterdischarge interneurons were significantly larger than those of shortafterdischarge interneurons.
Force thresholds for single units are summarized in Table 1 . Force threshold was the lowest force that could activate a unit when applied by a von Frey hair within the unit's receptive field. Interneurons had a lower mean force threshold than afferents. The difference between the force thresholds of slowly adapting and rapidly adapting afferents was not statistically significant. The zones of maximum mechanical sensitivity within the receptive fields of cutaneous afferents and interneurons are illustrated in Fig. 5 . The epidermal shields on the shell bridge are labeled in Fig. 5A according to the convention of Zangerl (1969; see also Mortin et al. 1985) . Note that Fig.  5 , B-E, does not present the entire receptive field of each unit but only its zone of maximum mechanical sensitivity. The zones of maximum sensitivity of slowly adapting (Fig.  5B ) and rapidly adapting afferents (Fig. 5C ) were scattered fairly uniformly over most of the D4 dermatome. There may be some clustering of rapidly adapting afferents (4/10 units) near the border between the marginal 6, inguinal, and abdominal shields, however. The zones of maximum sensitivity of short-afterdischarge interneurons (Fig. 5D) were also broadly scattered, with some concentration on the abdominal shield. In contrast, the zones of maximum sensitivity of long-afterdischarge interneurons (Fig. 5 E) were highly concentrated along epidermal shield borders; i.e. on , most shield of these borders.
units Thus were maximally sensitive to touch the zones of maximum sensitivity of long-afterdischarge interneurons were clustered and those of short-afterdischarge were not clustered; these observations support the hypothesis that long-afterdischarge interneurons are functionally distinct from short-afterdischarge interneurons.
Conduction velocities and latencies
The peripheral conduction velocities of cutaneous afferents in the D4 nerve and the central and shell-stimulation latencies for afferents and interneurons are shown in Table  2 . Rapidly adapting cutaneous afferents had significantly higher conduction velocities than slowly adapting afferents. Long-afterdischarge interneurons had longer central and shell-stimulation latencies than short-afterdischarge interneurons.
Single-unit recordings from cutaneous afferents We found 27 slowly adapting afferents and 11 rapidly adapting afferents with receptive fields on the shell bridge. Units were classified as slowly or rapidly adapting based on their responses to strong (140 or 250 mN), maintained (4 to 5-s duration) force applied to the most sensitive region of the unit's receptive field. Most slowly adapting afferents (25/27) fired tonically throughout the duration of the maintained mechanical stimulation; two units ceased firing after the first l-3 s of the stimulus. Nineteen out of twenty-seven slowly adapting afferents exhibited l-4 s of afterdischarge after strong, maintained mechanical shell stimulation; eight units exhibited tl s of afterdischarge after such stimulation.
Rapidly adapting afferents responded to maintained mechanical stimulation with a single action potential or a brief burst of action potentials at stimulus onset and offset; these afferents displayed no activity during the static portion of the stimulation.
SINGLE-UNIT RECORDING FROM A SLOWLY ADAPTING CU-TANEOUS AFFERENT.
Responses from a slowly adapting afferent are illustrated in Fig. 6 . The unit's axon was located in the dorsal funiculus immediately above the dorsal gray matter (Fig. 6A) . The unit had a small receptive field (area = 0.44 cm*) near the center of the D4 dermatome on the shell bridge (Fig. 6B) . The receptive field consisted of an inner sensitive zone that responded to a force of 2.5 mN, surrounded by an outer, less-sensitive zone that responded to a force of 250 mN. The unit responded with no latency jitter during high-frequency stimulation of the D4 nerve (Fig. 6C) ; this identified the unit as an afferent. The peripheral conduction velocity of this unit was 6.9 m/s. A brief mechanical stimulus applied to the unit's sensitive zone elicited high-frequency activity during the stimulation and -1 s of afterdischarge after stimulus offset (Fig. 60) . When maintained mechanical stimulation was applied to the same site, the unit responded with brisk, phasic discharge at stimulus onset and then adapted to a lower, tonic frequency during the static portion of the stimulation. At stimulus offset the unit displayed a prominent OFF-xsponse followed by almost 4 s of afterdischarge. We termed this mechanically evoked OFF-response "peripheral afterdischarge." A possible cause of peripheral afterdischarge may be local indentation of the shell epidermis that persists for a short time after the stimulus probe is removed. When an electrical stimulus pulse was applied to the same site in the unit's receptive field (Fig. 6F ) via pins inserted into the sensitive zone, the pulse evoked a single action potential. All the cutaneous afferents in this study responded to a single electrical pulse to the shell with a single action potential; i.e., there was no peripheral afterdischarge in response to a single electrical pulse.
Impulse-frequency relationships during mechanical . l * . l . 1. n* RF A, 1 1 1 A l stimulation are presented in rig. / ror tne slowly aaapting afferent described in Fig. 6 . For the IO-mN force, the unit displayed a transient ON-response followed by lower-frequency maintained discharge with no OFF-response (Fig.  7A ). For stronger forces the unit displayed increasingly prominent ON-and OFF-responses and up to several seconds of afterdischarge (Fig. 7, B-D) . This unit displayed the longest mechanically evoked afterdischarge of any afferent that we recorded. Fig. 7 , Dl and 02, illustrates the episodes shown in Fig. 6 , D and E, respectively. The duration of afterdischarge exhibited by this afferent increased as a function of stimulus force. In addition, constant force stimuli that were maintained for 4-5 s (Fig. 7 , A2-D2) produced considerably greater afterdischarge than brief, 0.5-s stimuli (Fig. 7 , Al-Dl).
The plots of the ON-, the OFF-, and the steady-state response frequencies as a function of stimulus force for maintained stimuli are presented in Fig. 7E . The impulse frequency of the ON-response was particularly sensitive to changes in stimulus force.
SINGLE-UNIT RECORDING FROM A RAPIDLY ADAPTING CU-TANEOUS AFFERENT.
Responses from a rapidly adapting afferent are illustrated in Fig. 8 . The unit's axon descended in the dorsal funiculus (Fig. 8A) . The unit's receptive field was small (area = 0.40 cm2) and was located on the ventral part of the shell bridge (Fig. 8B) . The unit responded with ) responding to a high-frequency train of stimulus pulses delivered to the D4 nerve ( 100 Hz, 1 s; 3.6 V, 50-ps pulses). D: unit's response to a brief 250-mN mechanical stimulus of a site in the sensitive, 2.5mN zone of the unit's receptive field. D4 (middle trace) is the cutaneous afferent activity from the D4 nerve; FORCE (bottom trace) is the output of a force transducer attached to the calibrated von Frey hair used to present the stimulus. These labels are also used in Figs. 8-12. E: unit's response to a maintained 250-mN mechanical stimulus to the same site as in D. F: unit's response to a single electrical pulse (7.2 V, 1 ms; 3 T = 3 X threshold for unit activation) applied to the shell via pins inserted into the 2.5-mN zone of the unit's receptive field.
no latency jitter to high-frequency stimulation of the D4 with voltages of 10 V or less and a duration of 1 ms only nerve (Fig. 8C) ; this identified the unit as an afferent. The activated a cutaneous afferent when the pins were situated unit's conduction velocity, measured by the latency shift inside the unit's mechanically mapped receptive field. technique (see METHODS), was 13.8 m/s. Stronger pulses (30 V, 1 ms) could activate a cutaneous Stimulation of the central axon via the micro-suction electrode produced an antidromic action potential in the D4 nerve (Fig. 80) , providing additional evidence that the unit was an afferent. The conduction velocity of the antidromic action potential was the same as the velocity calculated by the latency shift method.
This afferent was active at the onset and offset of a maintained 250-mN force applied to a site in the sensitive zone of the unit's receptive field (Fig. 8, E and F) . Rubbing the shell elicited high-frequency discharge of the unit (Fig.  8G) . A single electrical pulse applied to the shell via pins inserted into the sensitive zone produced a single action potential in the afferent (Fig. 8H) . afferent when placed as much as 2-4 mm outside of the unit's receptive field, but became ineffective at greater distances.
Cutaneous interneurons with short afterdischarge
We recorded from 19 interneurons that exhibited short afterdischarge (~2 s) in response to an electrical shell stimulus. Seventeen of these units displayed slowly adapting activity in response to maintained mechanical stimulation; two units responded with rapidly adapting activity. Most units were silent in the absence of stimulation; however, five slowly adapting interneurons showed spontaneous activity with a frequency range of 0.2-1. For 14 afferents we applied elec-an electrical stimulus applied to the sensitive zone of their trical stimulation to the shell both inside and outside of receptive fields either with a single action potential or with each unit's mechanically mapped receptive field (data not a brief burst of action potentials. The duration of afterdisshown). This was done to measure the amount of stimulus charge ranged from 0 (1 action potential) to 1.8 s (X = spread during electrical shell stimulation. Stimulus pulses 0.41 t 0.53 s, mean t SD). Responses from a slowly adapting interneuron with short afterdischarge are illustrated in Fig. 9 . The unit's axon was located in the lateral funiculus (Fig. 9A) . The unit's receptive field (Fig. 9B ) had an area of 5.6 cm2 that covered 80% of the D4 dermatome on the shell bridge. When IOO-Hz electrical stimulation was applied to the D4 nerve, the unit's responses exhibited latency jitter (Fig.   9C) ; this identified the unit as an interneuron. The central latency for this unit was 4.1 ms. A brief 140-mN mechanical stimulus to a site within the most sensitive, 1-mN zone produced a burst of action potentials that did not outlast the mechanical stimulus (Fig. 9D) . Maintained force applied to the same site elicited slowly adapting activity during stimulation and 2.5 s of afterdischarge at stimulus offset (Fig. 9E) . This unit responded to a single electrical shell stimulus with 3 imp (Fig. 9F) . The unit's mean duration of afterdischarge for six repetitions of the electrical stimulus was 140 ms (k89.6 SD). Because its afterdischarge after the electrical shell stimulus lasted >2 s, we classified this unit as a short-afterdischarge interneuron.
Responses from a rapidly adapting interneuron with short afterdischarge are illustrated in Fig. 10 . The unit's axon was located in the lateral funiculus (Fig. lOA) . The unit had a small excitatory receptive field on the ventral part of the shell bridge and an inhibitory receptive field on the dorsal part of the shell bridge (Fig. 1OB) . The unit responded with latency jitter to a IO-Hz train of stimulus pulses applied to the D4 nerve (Fig. 1OC) . The central latency for this unit was 8.8 ms. Maintained mechanical stimulation of a site in the excitatory zone produced brief bursts of action potentials at stimulus onset and stimulus offset (Fig. 10, D and E) . The unit responded to a single electrical shell stimulus to a site in the excitatory zone with a burst of 4 imp (Fig. 1OF) . The unit's inhibitory receptive field was mapped by applying ~-HZ electrical stimulation to the excitatory zone while a glass probe, mounted on a force transducer, was used to rub various sites outside of the excitatory zone (Fig. 1OG) . Rubbing a site in the inhibitory zone prevented responses to electrical stimulation in the excitatory zone. Most (6/8) of the short-afterdischarge interneurons tested for inhibitory zones had both excitatory and inhibitory zones on the shell bridge.
Cutaneous interneurons with long afterdischarge
We recorded from 11 interneurons that responded with long afterdischarge to an electrical shell stimulus. All of these units showed slowly adapting activity during mechanical stimulation of their receptive fields. Seven longafterdischarge units exhibited spontaneous activity in the absence of stimulation; the frequency range for spontaneous activity was 0.04-8 Hz (X = 2.92 t 2.96 Hz, mean t SD). Long-afterdischarge interneurons responded to a single electrical stimulus within the sensitive zone of their receptive fields with a long train of action potentials; the duration of afterdischarge had a range of 4-33.5 s (X = 12.6 t 10.4 s, mean t SD).
SINGLE-UNIT RECORDING FROM A LONG-AFTERDISCHARGE INTERNEURON.
The responses of a long-afterdischarge interneuron to mechanical shell stimulation are illustrated in Fig. 11 . The unit's axon was located in the lateral funiculus immediately adjacent to the gray matter, at the dorsoventral level of the central canal (Fig. 1 IA) . The unit's receptive field was very large, covering the entire area of the D4 dermatome on the shell bridge (Fig. 11B) . The most responses to a high-frequency train of stimulus pulses delivered to the D4 nerve ( 100 Hz, l-s train; 1.2 V, 50-ps pulses; 1.1 T). D: stimulation of the central axon via the microsuction electrode ( 1.3 V, 50 ps; 1 T) produced an all-or-none antidromic action potential in the D4 nerve. E: unit's response to a maintained 250-mN force applied to a site in the sensitive, 0.9-mN zone of the unit's receptive field. FI-F2: same episode as in E with an expanded time scale to show responses at stimulus onset and offset. G: unit's response to a rub (with a fire-polished glass probe attached to the force transducer) that displayed continuously changing force. H: unit's response to a single electrical pulse (6.9 V, 1 ms; 3 T) applied to the shell via pins inserted into the 0.9-mN zone. sensitive region of the receptive field was located on the border between the marginal 6, marginal 7, and inguinal shields and responded to a force of only 0.2 mN. A 0.4-mN stimulus revealed two additional sensitive areas. Each of the three sensitive zones mapped with 0.4 mN was approximately the size of a typical cutaneous afferent's receptive field. The larger, less-sensitive regions of the receptive field responded to 0.9 and 830 mN, respectively. The area of the entire receptive field was 7.14 cm*. Stimulation of the shell outside of the D4 dermatome with the 830-mN von Frey hair produced no response in the unit. The unit responded with latency jitter to 0.2.Hz stimulation of the D4 nerve, identifying it is an interneuron (Fig. 11 C) . The central latency for this unit was 9.9 ms. The unit's responses to mechanical stimulation within the most sensitive zone of the receptive field are shown in Fig. 11 , D-G. Figure 11 , D-F, shows responses to brief, 0.5-s stimuli that were applied to the sensitive zone with von Frey hairs. The IO-mN stimulus (Fig. 1 ID) evoked a response in the unit that lasted only -2.5 s. The 55-mN stimulus evoked a response that lasted for 30 s (Fig. 1 lE) , and the 140-mN stimulus produced a response that lasted almost 40 s (Fig. 11F ).
There was no visible cutaneous-afferent afterdischarge in the D4 nerve after these brief mechanical stimuli. We did not use a von Frey hair for maintained mechanical stimulation of the interneuron illustrated in Fig. 11 . When maintained stimulation was applied to the receptive field of a different long-afterdischarge interneuron, its response was similar to that illustrated in Fig. 11 , E and F, with brief stimulation, and, in addition, it displayed a brief increase in frequency just after the offset of stimulation (data not shown). A rub to the 0.2-mN zone with a glass probe produced high-frequency discharge in the interneuron throughout the duration of the stimulus (Fig. 11G ). The afterdischarge that followed the maintained rub (-18 s) was considerably shorter than the afterdischarge that followed the transient stimuli in Fig. 11, E and F (30-40 s) , indicating reduced excitability after a maintained rub.
Interneurons that exhibited long-lasting responses to brief mechanical stimulation of the shell also exhibited long responses to electrical shell stimuli. Figure 12 illustrates the responses of a long-afterdischarge interneuron to electrical stimulation of the sensitive zone within the unit's receptive field. A single 2-T electrical pulse elicited a train of action potentials (Fig. 12, A and B ) that lasted for >20 s (Fig. 12B) . The stimulus-evoked afferent volley in the D4 nerve had a duration of -25 ms (Fig. 12A) ; the latency from the stimulus pulse to the first action potential in the 
INT. '_drn responses of a long-afterdischarge interneuron to D4 nerve stimulation contrasts with excitatory responses to electrical shell stimulation. A: response of the unit to a single shell stimulus applied to the sensitive zone in the unit's receptive field (4 V, 1 ms; 2 T). Vertical marks in the bottom trace (STIM.) indicate the timing of stimulation. B: unit's response to a single pulse delivered to the D4 nerve (1 V, 50 ps; 2 T). C: unit's response to a 50-Hz train of pulses applied to the shell (4 V, 1-ms pulses; 500-ms train). D: unit's response to a 50-Hz stimulus train delivered to the D4 nerve (1 V, 50-ps pulses; 500-ms train).
interneuron's response was 35 ms (Fig. 12A) . A pair of less-intense stimulus pulses (1.2 T) delivered to the shell with a 5-s interpulse interval revealed strong temporal summation (Fig. 12C) . The first pulse of the pair elicited a response lasting only 2 s; the second pulse elicited a response lasting > 15 s. This demonstrates a multisecond temporal integration of sensory inputs at the level of this interneuron. When the interpulse interval was increased to 10 s, the response to the second pulse was weaker than the response to the first pulse; i.e., the responses to the pair of pulses with a 10-s interpulse interval did not display temporal summation (Fig. 120) . Thus cutaneous interneurons with long afterdischarge (Figs. 11 and 12) showed two characteristics of multisecond increases in excitability that were also demonstrated for the rostral-scratch reflex (Fig.  2) : long-lasting afterdischarge and temporal summation. Electrical stimulation of the D4 cutaneous nerve produced a mixed response in long-afterdischarge interneurons-initial excitation followed by prolonged inhibition. We characterized this inhibition in three units. The mixed response to D4 nerve stimulation differs from the excitatory response to shell stimulation (Fig. 13) . The long-afterdischarge unit shown in Fig. 13 had the highest resting discharge rate of any interneuron in our study ; this enabled visualization of both excitation and inhibition as changes in the unit's discharge frequency. A single 2-T electrical stimulus applied to the shell strongly excited the interneuron, increasing its firing frequency for >7 s (Fig. 13A) . A single 2-T pulse delivered to the D4 nerve produced a weaker excitation of the unit that lasted <2 s (Fig. 13B) . When we delivered a 50-Hz train of pulses to the shell, we evoked a brisk excitation of the interneuron that lasted for > 16 s (Fig. 13C) . A 50.Hz stimulus train delivered to the D4 nerve produced an initial excitation of the interneuron, followed by a complete inhibition of the resting discharge that lasted for >2 min (Fig. 130) . Even low-frequency stimulation of the D4 nerve, e.g., at 0.2 Hz, produced a marked inhibition of this unit's resting discharge: the inhibition accumulated gradually with each successive stimulus pulse (data not shown). D4 nerve stimulation also inhibited mechanically evoked activity in long-afterdischarge interneurons (data not shown).
DISCUSSION

Afterdischarge
is an important characteristic of the neural circuitry mediating the fictive scratch reflex in the spinal turtle. Brief stimulation of tactile afferents elicits a scratch-reflex motor pattern that lasts several seconds after stimulus offset. This implies that there are multisecond increases in excitability of neuronal elements responsible for the scratch reflex. Some slowly adapting cutaneous afferents displayed peripheral afterdischarge in response to maintained mechanical stimulation of the shell. When mechanical stimulation is used to activate a scratch, peripheral mechanisms may contribute to scratch-reflex afterdischarge. All shell cutaneous afferents produced only a single action potential in response to an electrical stimulus delivered to the body surface. Therefore, when electrical stimulation is used to activate a scratch, central mechanisms are solely responsible for scratch-reflex afterdischarge (see also Crowe and Linnartz 1985; Currie and Stein 1988; Sherrington 1906a,b) .
The characteristics of spinal interneurons that display long-lasting activity in response to cutaneous stimulation may reveal CNS mechanisms underlying scratch-reflex afterdischarge. In this study a subset of spinal interneurons in the D4 segment, termed long-afterdischarge interneurons, responded to a single electrical pulse delivered to the shell with 4-30 s of afterdischarge. When such an electrical stimulus was used, cutaneous afferents displayed no afterdischarge. Therefore, for this stimulus condition, the prolonged activity of long-afterdischarge interneurons was generated solely within the spinal cord; i.e., it was strictly central afterdischarge. interneurons play a role in scratch-reflex sensorimotor integration. First, the afterdischarge displayed by these interneurons was at least as long as the afterdischarge displayed by the scratch reflex (see also Currie and Stein 1988) . Second, these interneurons demonstrated robust temporal summation in response to electrical pulses with interpulse intervals as long as 5 s; similar temporal summation was observed for the scratch reflex (see also Currie and Stein 1988) . Third, the most sensitive regions of the receptive fields of these long-afterdischarge interneurons were located on the edges of the epidermal shields; scratch-reflex responses showed a similar pattern of sensitivity (Currie and Stein, unpublished observations) . Fourth, repetitive electrical stimulation of the D4 nerve inhibited the activity of long-afterdischarge interneurons; this inhibition may relate to the observation that direct electrical stimulation of the D4 nerve did not evoke a rostral-scratch motor pattern (Stein, Mortin, and Currie, unpublished observations) . Additional studies with these interneurons are needed to provide further evidence for their role in scratch sensorimotor integration.
The duration of afterdischarge for long-afterdischarge interneurons (4-30 s) was much longer than the duration of afterdischarge for scratch-motor responses (1-5 s). This observation is consistent with the suggestion that long-afterdischarge interneurons are responsible, at least in part, for the residual scratch excitability that outlasts scratchmotor responses. Residual scratch excitability after the cessation of scratch motor activity has been revealed with the use of a single electrical stimulus that activated a population of cutaneous afferents (Currie and Stein 1988) . The specific population of cutaneous afferents stimulated innervated the ventral-posterior region of the pocket-scratch receptive field. A single stimulus in a rested (not stimulated for > 1 min) preparation did not elicit scratch motor activity. In contrast, a single stimulus elicited an additional cycle of scratch motor activity when delivered l-4 s after the cessation of a pocket-scratch motor pattern. These results imply that residual pocket-scratch excitability summated with excitability elicited by the single pocket-afferent stimulus to generate additional pocket-scratch motor activity. Residual excitability has not been observed at the level of synaptic drive to motor neurons: motor neuron membrane voltage and conductance returned to resting levels within 1 s after the cessation of scratch motor-neuron discharge (Robertson and Stein 1988) . When the single stimulus to the pocket afferents was presented l-4 s after the cessation of a rostral-scratch motor pattern, no further activity was elicited by the single stimulus (Currie and Stein 1988) . These observations are consistent with the hypothesis that the residual excitability that follows a particular scratch motor pattern is specific for that scratch form. Long-afterdischarge interneurons with characteristics similar to those presented here are possible neuronal loci for the form-specific residual scratch excitability that follows the cessation of scratch motor output.
Interneurons classified as "wide dynamic range" in the mammalian spinal cord also display long afterdischarge (20-60 s) in response to gentle mechanical stimulation with a camel's hair brush (Price et al. 1978; Price 1988 ).
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Interneurons with such characteristics may play a role in long-lasting cutaneous aftersensations reported in humans in response to gentle mechanical stimulation (Melzack and Eisenberg 1968; Price 1988 ). Further work in a variety of vertebrates is required to understand the neuronal mechanisms shared among those interneurons responding with long afterdischarge to gentle cutaneous stimulation. We also characterized cutaneous afferents innervating the turtle shell. These afferents belong to two major classes: slowly adapting and rapidly adapting. These classes have also been observed in other studies of vertebrate cutaneous processing, including studies of skin (Burgess and Per1 1973; McIntyre 197 1) and hard surfaces (chicken bill, Gentle 1989; duck bill, Gregory 1973; goose bill, Gottschaldt 1974; tortoise shell, Rosenberg 1986) . Some of our slowly adapting cutaneous afferents also displayed an OFF-response and afterdischarge in response to maintained mechanical stimulation. Similar characteristics in response to nonnoxious mechanical stimulation were also observed in sensitive C-mechanoreceptor units in mammals (rat, Lynn and Carpenter 1982; cat, Bessou et al. 197 1; human, Torebjork and Hallin 1974) .
The mechanisms for the production of the long afterdischarge reported in this study are not known. Pharmacologic mechanisms have been proposed in other studies of spinal cord cutaneous processing as possible sources for the production of afterdischarge (Evans 1989) . N-Methyl-Daspartate (NMDA) receptors may provide a mechanism for prolonged depolarization of spinal cord neurons in response to sensory stimulation (Gerber and Randic 1989; King et al. 1988; Sillar and Roberts 1988; Stein and Schild 1989) . Peptide receptors may provide an additional mechanism (Urban and Randic 1984) . Further work is required in the turtle to reveal the mechanisms responsible for the long afterdischarge of spinal cord interneurons.
